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Amphibians occupy a range of habitats throughout the world, but
species richness is greatest in regions with moist, warm climates. We
modeled the statistical relations of anuran and urodele species richness with
mean annual climate for the conterminous United States, and compared the
strength of these relations at national and regional levels. Model variables
were calculated for county and subcounty mapping units, and included
40-year (1960-1999) annual mean and mean annual climate statistics,
mapping unit average elevation, mapping unit land area, and estimates of
anuran and urodele specles richness. Clumate data were derived from more
than 7,500 fi 1! | stations and were
interpolated to the mapping units using multiple linear regression models.
Anuran and urodele species richness were calculated from the tates
Geological Survey's Amphibian Research and Monitoring Initiative (ARMI)
National Atlas for Amphibian Distributions. The national multivariate linear
regression (MLR) model of anuran species richness had an adjusted coeffi-
cient of determination (R?) value of 0.64 and the national MLR model for
urodele species richness had an R? value of 0.45. Stratifying the United
States by coarse-resolution ecological regions provided models for anurans
that ranged in R? values from 0.15 to 0.78. Regional models for urodeles
had R? values ranging from 0.27 to 0.74. In general, regional models for
anurans were more strongly influenced by temperature variables, whereas
precipitation variables had a larger influence on urodele models.

INTRODUCTION

Amphibian populations appear to be dechning worldwide (Houn anan et al., 2000,
Carty et al, 2001; YOUNG ct al.. 2004) A number of possible causes of dechne have been
proposed including changes in climate {c g . PoUnps & CrUMP, 1994; DonNE1LY & CRUNMP,
1998, Pounps et al. 1999), mcreased UV radiation (e g. ALrorD & RICHARDS, 1999,
BLAUSTEIN et al . 2003), habuat lossffragmentation/alieration (e g. Fanris et af. 1995,
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DFVIAYI\ADILR & HUNTER, 1998; KrZYSIK, 1998; Co1LINS & STORFER, 2003), introduction of
di; {eg.,Haves & J , 1986, ROSFN & SCHWALRF, 1995,
FISHER & SHAFFER, 1996; KIESE(‘K[R & BLAUSTEIN, 1998; LAwLER et al., 1999), occurrence of
contaminants (e.g., BERRILL et al., 1993, BonN et al., 1997, DaviDsoN et al., 2002, HAYES et
al., 2002), exposure to pathogens (¢ g., LAURANCE et al,, 1996, KIESECKER & BLAUSTEIN, 1999)
and over-harvesting (KoonTz, 1992: LANNOO, 1996) Many herpetologists believe that com-
binations of stresses are being placed on amphibian populations (GREEN, 1997 BrITSON &
THRELKELD, 2000; COLLINS & STORFER, 2003; LANNCO et al . 2003; LITTLE et al , 2003).

There is widespread acknowledgment that the global chimate 1s changing (HOUGHTON et
al, 2001). Changes in land cover may also affect climate by altering the physical properties of
the land surface (HavDEN, 1998; PiFLKE et al, 1999, 2002) Short- and long-term changes in
chmate have the potential to affect the ranges of indrnadual amphibuan species and hence
species richness 1n any given locality (THoMas et al., 2004} Clhimatic conditions not only
directly stress amplibian populations (Dobp, 1997, Pounps et al., 1999, Corn & MUTHs,
2002), but alse may influence their resistance to disease or ther abihity to withstand attacks by
environmental pathogens (CAREY & ALEXANDER, 2003). Water availability, air temperature
and relative humidity can mfluence amphibian breeding, development. foraging, mobility,
calling, immune response and habitat availability (DoNNELLY & CRUMP, 1998, GisBs &
BRrEISCH, 2001). Chimate also can influence the spread of amphibian pathogens (Daszak et al,
2003; JoHNSON & CHASE, 2004).

Amphibians have a long (~350 mllion years) hustory of survival under extremes in global

climate (CARFY & ALEXANDER, 2003), yet their Iife histories (Durt LMAN, 19994) suggest that

may be vul le to short-term variations m climate

Amphibians occupy a range of habitats throughout the world, but species richness 1s greatest

in regions with most, warm chmates (DUELLMAN, 19995) Other natural factors that can

affect amplubian species richness mclude historical Iineages, barriers to migration, interspe-
cies competition and the avadability of food, shelter and breeding sites.

OBJECTIVES AND SCOPE

This rescarch assesses the degree to which average climatic conditions in the conterm-
nous United States over the last four decades explain historical patterns of amplubuan species
richness. The primary objectives of the research were to model the statistical relations of
anuran and urodele species richness with mean annual chmate for the contermmous United
States, and to compare the strength of these relations at national and regional levels, Trends
In climatic conditions during this peniod were also evaluated to determune if they mught be
lcading towurds more stressful cond. foramphibians e g , decr inavailable breeding
habitat, shortening of breeding season).

There were linmtations or biases imphait n the datasets used for these analyses. First, the
species occurrence records mcorporated into the ARMI National Atlas for Amphibian
Distributions were not assoctated with an expheit time period and are best deseribed as an
Tustonic compilation of ovcurrence records. Second. the spevies tichness estimates were
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compared to climate statistics averaged for 1960-1999. Climate from this ime period may not
match longer-term averages or averages from other time periods. Third, the species richness
estimates [http /fwww.mp2-pwrc usgs.gov/armiatlas/] were based on mapping units
{counties/subcounties) that are not of umform size, resulting m the potential for an inherent
bias towards a larger number of species occurring 1n larger counties. Fourth, neither the
weather stations nor the spatial vanability of weather were umformly distributed across the
United States, so the quality of information varied from mapping unit to mapping unit Fifth,
the mean elevation was used for each mapping unit, but the concept of average elevation may
not be useful in mountainous areas. No attempt was made to account for the patchiness of the
distribution of species within a county/subcounty (KIEsTeR, 1971), because such data do not
exist for most of the Umited States, and no attempt was made to account for the effect of
clunate variation on species that prey upon amphibians or that amphibians consume. Despite
these hmitations, and because strong relationships between climate and ecosystem develop-
ment are widely recognized (WALTER, 1973; FOorRMAN & GODRON, 1986; MONSERLD &
LeeMans, 1992), 1t was appropriate to expect that relations between climate and amphibian
species richness would emerge from the analysis.

METHODS

SOURCE AND PROCESSING OF AMPHIBIAN DATA

Species richness estimates for anurans and urodeles were derived from the ARMI
National Atlas for Amphibian Distributions (hereafter called “atlas™) [httip.//www.mp2-
pwrc usgs.gov/armuatlas/], which uses a combimation of counties and subcounties as a spatial
framework for documenting the geographic occurrence of the nearly 300 species of amphi-
bians currently recogmized mn the United States (LANNOO et al., 2005). Counties are used as
mapping units for all but five Western states (Arizona, Cahfornia, Nevada, Oregon, and

), for which ies are used to help overcome the wide disparity in county
sizes across the nation. The atlas 1s a compilation of both current and historic records of
amphibian occurrences, bounded by no explcit tune peried. The records are from peer-
reviewed scientific hterature, museum vouchers, state and reglonal herpetological atlases, and
other confirmed and validated observations. Data sources vary by state and are not standard-
1zed 1 thewr geographic precision Thus, some records mn the atlas may represent assumed
presence, as from a range map. whercas other records represent vouchered specimens with
specific location information. Because the atlas database mcorporates a county/subcounty
coding system that follows Federal Information Processing Standards, a geographic informa-
tion system (GIS) was used to link species occurrence records with a digital map of county
and subcounty polygons [hitp/mww census. gc feobiscale html]. Species richness
was calculated for anurans and urodeles by tallyng the number of species recorded as
occurring within each map unit.
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SOURCE AND PROCESSING OF CLIMATE DATA

Estimates of 1960-1999 mean annual and annual mean climate statistics were calculated
from approximately 7,500 National Weather Service first-order and cooperative temperature
stations, and 11,500 National Weather Service first-order and cooperative precipitation
stations. Furst-order stations are operated by professional staff and report a comprehensive
array of weather variables each hour. Cooperative sites are more numerous, but generally only
make once-daily observations of a few weather variables (e g , minimum and maximum daily
temperature and precipitation) These data were extracted from the National Climate Data
Center Summary of the Day Dataset and have been quality controlled by the National
Chmate Data Center (EISCHEID et al., 2000; CLARK et al , 2004). Estimates of mean annual
and annual mean climate statistics (tab. 1) for each county/subcounty were calculated using
multiple linear regression (MLR) models. The MLR method was used to distribute the
climate statistics (dependent variable) calculated at each station to each county/subcounty
based on the “XYZ" value (longitude X, latitude Y, and mean elevation Z, respectively) of the
county/subcounty polygon centroid (Hay et al., 2000, Hay & Mccagg, 2002; Hay & CLARK,
2003). The MLR equation [1] was developed for each dependent variable (climate statistic,
“CS8”) using the independent XYZ variables from a set of National Weather Service climate
stations,

CS=b, x +byy+b, 2+ by [1]

The MLR equations were computed to determine the regression surface that described
ihe spatial relations between the dependent CS and the independent X'YZ variables. Equation
[1] describes a plane 1n three-dimensional space with slopes by, b, and b, intersecting the CS
axis at by, The best MLR equation for each CS did not always include all the independent
variables

To estimate the chmate statistics for each county/subcounty (CNTY), the following
procedures were followed: first, mean daily CS and corresponding mean XYZ values from a
set of stations (STAMEAN) were used with the slopes of the MLR from equation [1] to
estimate a unique y-intercept {byest, see equation [2)), and second, equation (3] was solved
using the coeflicients (by, b, and b,) from equation [1], byest from equation [2], and the XYZ
values of the CNTY.

byest = CS(STAMEAN) (b, X(STAMEAN) + b, {STAMEAN) = b, ZSTAMEAN)) [2]
CS(CNTY) = best + by {(CNTY) + b, y(CNTY) + b, 2(CNTY) {3]

The set of stations comprising the STAMEAN 1n each calculation were chosen from the
20 closest stations to the CNTY. Outliers (1.¢., stations determined to be too far away from the
data site or ressding in another physiographic region) were not used in the STAMEAN
calculation The same MLR equations are used but the time series of mean daily CS and their
corresponding mean XYZ values are obtained from station data to estimate a unique best.
Thus, the slope of the MLR for the CS remained constant, but the y-ntercept changes based
on the mean CS and XYZ values.

Trends in climate were calculated by comparing, through regression analysis, the annual
mean CS 1 each county/subcounty against time (year) When the annual mean CS values
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Table 1. 1960-99 Mean annual climate statistics and other independent variables used for this
study.

Climate statistic or other variable (and definition) Unit Vaniable name

‘Mean annual precipiation intensity
taverage for alt days)

Mean annual precipitaiton mipus mean annual potential evapotranspiration
(average for all years)

mullimeters per day PRE

micimeters per year | PRE-PET

Mean annual minimum temperature degrees Celsius TMN
{average for all days)

Mean annual mean temperature degrees Celsius TME
{average for all days)

Mean annual maximum temperature degrees Celsius T™X

(average for all days)
Mean annual number of wet days.

WDAY
{days with measured precipiation) days per sear
Mean annual number of ds
days per year DDAY
(days without measured precipitation) Bys per ye
Mean annual number of cold da
dnys per year CDAY
(days with mimmum temperatures below 0°C) s per
Mean anneal number of hot da P HDAY
(days with maximum temperatures above 35°C) oys per year
Mean annual solar radsation .
Langl d RAD
(average for all days) angley’s per day
Mean annual total winter degree 005 ( To T e y o
=3°Ca0d Tae = {Trus + T} / 2. 2670 1f negative) dimensionless .
et sl ol sy £ desree a5 (e~ Ta) where — <00
3°C 208 Toe = { Towe * Trna) /2. 2610 1 negative)
Mean elevation meters ELEV
County area square kilometers AREA

Qonal land area of county)

were mussing or zero, no trend was calculated and a zero trend value was assigned to the
count; CS m each co for the years 1960 and 1999 were
calculated using lhe trend regressions and the mean annual CS. Hence, the dillerences
between the simulated CS values for the two years represent the magnitude of the trend over
the 40 year nme penod and not the differences between any two years of actual CS data

SOURCE AND PROCESSING OF ELEVATION AND AREA DATA

Two addinonal variables used to augment the climate information for each
county/subcounty were average elevaton and total land area Elevation data were obtained
from the USGS National Elevanon Dataset [hitp //edc.usgs gov/productsielevation/ned html]
and were projected from geographuc coordinates referenced to the World Geodetic Survey of
1984 to an Albers equal-arca conic projection using & bihnear mterpolation, 1000-meter cell
resolution, and the followmg parameters ellipsoild — World Geodetic Survey of 1984, 1
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standard parallel = 29 5°, 2" standard parallel — 45.5°, central menichan — -96.0°, latitude of
origin = 23.0°, and no false casting or northing Average elevation was calculated as the mean
of ali cells within each mapping unit. Polygons for map units [http://www census.gov/geo/
Ww html] were d in an Albers equal-area conic projection using the
same parameters as for the elevation data. Total mapping unit areas were determined from the
county/subcounty polygons.

STATISTICAL METHODS

Multiple limear regression (MLR) modcls (HELSEL & HirscH, 1992) were developed
using the SAS statistical software system (ANONYMOUS, 1990) to relate amphibian species
richness to climate and location Dependent and independent model variables were standard-
1zed by subtracting the respective mean and dividing by the respective standard deviation.
Standardized variables have equal weights in regression models, and the resulting model
coefficients are proportional to their explanatory power in the models. “Best” and “stepwise™
SAS regression procedures were used to screen potential models; however, neither method
prevents correlated independent variables from entering the models. Multicollmearity among
independent variables, as indicated by vanance inflation factor (VIF) values greater than 10,
can cause MLR model coefficients to be unreahstic in sign or magmitude (HELSEL & HIRSCH,
1992) When an MLR model contaimed an independent variable with a VIF value greater than
3, the independent vanable was not used.

Two sets of regression models were developed. one set for the entire conterminous
United States (including one model for anurans and one for urodeles), and one set for each of
10 coarse-scale ecological regions (ANoNYMOUS, 1997) (fig. 1). Because the primary objective
of this research was to determine the degree to which climate explains patterns of amphibian
species richness, model selection was manually supervised to favor climatic terms and prevent
hughly correlated independent variables from entering the same model. The adjusted coeffi-
ctent of determunation (R°) and root mean square error (RMSE) statistics were used to
evaluate the predicuive skall of the models for a particalar region or the nation (ANONYMOUS,
1990; Hetser & HirscH, 1992). The residuals between model and atlas estimates of species
richness are used to compare the predictive capabilities of the national and regtonal models.
Box plots are used to show the distributions of these residuals. The box plots show high and
low outliers as circles. The central box extends from the 25 to 75 " percentile of the data, and
the box whiskers extend to the 5 and 95" percentiles.

REsSULTS

NATIONAL REGRISSION MODELS
Anuran specics richness ranged from a maximum of 26 to a mimmum of 1 (fig. 24) The

R’ for the national anuran model (fig 3a) was 0 64 (tab 2), with an RMSE of 3 (7 species.
Mean annual temperature and mean annual precipitation (fig 1b) accounted for the largest
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Fig | Maps showing tn the conterminous United States (a} coarse-level ecological regions and State,
county and subcounty boundartes, and (b} 1960-1999 mean annual precipitation
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Fig 2 Mups showing m the conternunous United States (a) anuran species nichness and (b) urodele
species richness, both from the Amphibian Research and Monttorng Iniative (AR M1} National
Adlas for Amphibian Distributions.
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Fig 3 - Maps showing i the conterminous United States the national regression model estimates of ()
anuran species nichness and (b) urodele species richness

Source - MNHN, Pars



BATTAGLIN et al. 155

Tab 2. Best-fitting national and ecological rcgion models of

spevies nchness and adjusted coefficient of determination (R ) NA. North American: NW.

Northwestern Sce tab.

1 for other abbreviations

National or ecological Region Regression model R

Anurans
National 0 57*PRE + 0 56*TME - 0 49*PRE-PET + 0.07*ELEV 064
Eastern Temperate Forests 0 71*TMX — 0.21*ELEV + 0.10*WDAY + § 07*AREA 063
Great Plans 0 78*TME + 0 I18*PRE + 0 08*AREA - 0 07*ELEV 078
NA Deserts 0 79*TMX + 0 36*PRE + 0 22*AREA + 0.16*ELEV 047
NW Forested Mountains. -0 31*WDD - 0 27*ELEV + 0 25*ARFA 023
Northern Forests -0 35*ELEV + 0 34*CDAY + 0 33*PRE 015
Mednterranean Califorma 0 45*ELEV - 0 41*CDAY + 0.39*RAD + 0 21*PRE 034
Marine West Coast Forests. 0 34*TME + 0.22*ELEV + 0 14*AREA 025
Temperate Sterras. No staustically sigmificant model.
Southem Semi-Arid Highlands |0 80*ELEV + 0 68*RAD - 0 68*CDAY 068
Tropical Wet Forests Too few mapping units (5) to develop a model.

Urodeles
National 0.70*PRE - 0 24*PRE-PET + 0.11*TME - 0.05*ELEV 045
Eastern Temperate Forests -0 65*WDD + 0 32*LLEV + 0 29*WDAY + 0 I15*PRE PLT 050
Great Plains 0 55*PRE + 0.20% TME +0 L6*PRE-PLT + 0 15*AREA 049
NA Deserts -0 57*ELEV + 0 37*PRE + 0 20*AREA - 0 19*TME 027
NW Forested Mountains 055*PRE + 0 20¢IME -0 18*ELEV 0.60
Northern Forests -0 67*WDD + 0 35*ELEV + 0 33*PRE 074
Meduterrancan Califormia 047*PRE - 043*WDD 0 34*TMX +0 26*EI LV 050
Marine West Coast Forests 0 33*PRE +0 317 TME + 0 23*LLEV + 0 22*RAD 040
Temperate Sierras No statistically sigmificant maodel. -
Southern Semi-Arid Highlands | No statstically sigaificant niodel. -
Tropical Wet Forests T'oo fiew mapping unts (5 to develop a model -

proportion of the variation (because they have the largest model coefficients, tab. 2), and were
both positively associated with species richness. Mean annual precipitation minus mean
annual potential evapotranspiration also accounted for a substantial proportion of the
vartation and was inversely associated with species richness. Mean mapping umt elevation
accounted for a small proportion of the variation and was positively associated with anuran
species richness The natonal regression model overestimated anuran species richness along
the Mississippt embayment and v parts of Cabfornia. Florida, and Oregon The model
underestimated anuran species nichness along the Atlantic coastal plain and i parts of Mame
and Texas (fig 2a, 3a).

Urodele species richness ranged from a maximum of 30 to a mnmmum of 0 (fig. 2) The
R for the national urodele model (hg. 3b) was 0 45, with an RMSE of 4 54 species. The
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national urodele model (tab. 2) used the same CS as the nauonal anuran model, but the
coefficient values were appreciably different. Mean annual precipitation accounted for the
largest proportion of the varation and was positively associated with species richness. Mean
annual precipitation mimus mean annual potential evapotranspiration accounted for a smaller
proportion of the variation and was nversely associated with species richness. The national
regressions model overestimated urodele species richness in the central United States and in
parts of Florida and Washington; and underestimated species richness in most of the Eastern
United States except for Florida and Maine (fig. 2b, 3b).

REGIONAL REGRESSION MODELS

Separate regression models were developed for each coarse-resolution ecological region
(fig. 1a) to evaluate regional differences i the strength of chimate as a predictor of amphibian
spectes richness. No models were developed for the Tropical Wet Forest ecological region,
which was predominant only n five mapping units, and represented less than 0.3 % of the
conterntmous United States. The mean of anuran and urodele spectes richness for these five
mapping units was used in place of a model.

Eastern Temperate Forests

The Eastern Forests ical region was p m 1,789 mapping
units, representing 31.8 % of the conterminous United States (fig. 1a) Anuran species
richness 1n this ecological region ranged from 2 to 26, and urodele species richness ranged
from 1 10 30 The R’ for the Eastern Temperate Forest ecological region anuran model (fig. 4a)
was .63, and the RMSE was 2.91 species. Mean annual maximum temperature accounted for
the largest proportion of the variation and was positively associated with species richness. The
Eastern Temperate Forest model overestimated anuran species richness m parts of Arkansas,
Florida and Louisiana, and underestmated anuran species richness along the Atlantic
Coastal Plain and m parts of Alabama and Indiana The residuals (mode] estimate nunus
atlas estumate} for the Eastern Temperate Forest anuran model were much smaller than the
residuals between national model and atlas estimates of anuran species richness in those same
mapping units (fig. 5a; gray box plots are residuals from regional medels and black box plots
are residuals from national model 1 the same mapping units) The R’ for the Eastern
Temperate Forest ecological region urodele model {fig 4b) was 0.50, and the RMSE was 3.78
species. The total of mean annual winter degree days accounted for the largest proportion of
the variation, and was mversely associated with species richness, The Eastern Temperate
Forest mode] overestimated urodele species richness i parts of Arkansas, Flonda, Hhinois,
Lousiana and Texas, and underestimated urodele species richness along the Eastern coastal
and tand plans and i parts of Alabama, Indiana and Kentucky. The residuals for the
Eastern Temperate Forest urodele model were smaller than the restduals between the national
model and atlas estimates of urodele species richness (fig 5b).
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Fig 4 Mups showng in the conterminous United States a compilation of reg.onis. regression models
estmates of () anuran species richness and (b) urodele species richness.
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GREAT PLAINS

The Great Plains ecological region was predominant 1 837 mapping units, representing
28 9% of the conterminous United States (fig. 1a). Anuran species richness n this ecological
region ranged from 1 to 23, and urodele species richness ranged from 0 to 13, The R’ for the
Great Plams ecological region anuran model (fig. 4a) was 0 78, and the RMSE was 2.12
species. Mean annual temperature accounted for the largest proportion of the variation and
was postitvely associated with species richness. The Great Plains model overestimated anuran
species richness in parts of Kansas, Missouri and Nebraska; and underestimated anuran
species richness 1n parts of North Dakota, Oklahoma and Texas. The residuals for the Great
Plans anuran model were much smaller than the residuals between the national model and
atlas estimates of anuran species richness (fig. Sa). The R’ for the Great Plains ecological
region urodele modet was 0.49, and the RMSE was 1.10 species. mean annual precipitation
accounted for the largest proportion of the variation and was positively associated with
species richness. The Great Plains model overestimated urodele species nichness i parts of
Towa, Kansas and Oklahoma, and underestumated urodele species richness in parts of North
Dakota and Texas. The residuals for the Great Plains model were much smaller than the
residuals between the national model and atlas estimates of urodele species richness (fig 5b)

NORTH AMERICAN DESERTS

The North American Deserts ecological region was predominant 1n 349 mapping units
representing 19.8 % of the conternunous United States (fig. 1a) Anuran species richness in
this ecological region ranged from | to 16, and vrodele species richness ranged from 0 to 4.
The R’ for the North American Deserts ccological region anuran model (fig 4a) was 0.47, and
the RMSE was 2 05 species. Mean annual maximum temperature accounted for the largest
proportion of the variation and was positively associated with species richness. The North
Amencan Deserts model overestimated anuran species richness in parts of Calfornia and
Utah, and underestimated anuran species richness in parts of Arizona and Texas. The
residuals for the North American Deserts anuran model were much smaller than the residuals
between the national mode] and atlas estimates of anuran species richness (fig 5a). The R for
the North American Deserts ecological region urodele model (fig 4b) was 0 27, and RMSE
was {0 65 species. Mean mapping umt ¢levation accounted for the largest proportion of the
sartation and was mversely assoctated with species richness. The North American Deserts
mode! overestinated uredele specics richness in parts of Cabifornia and Nevada, and under-
estimated urodele species richness in parts of Califormia. The residuals for the North Ameri-
can Deserts urodele model were smaller than the residuals between the national model and
atlas estimates of urodele species richness {fig. 5b).

NORTHWFSTFRN FOR#STED MOUNTAINS

The Northwestern Forested Mountaimns ecological region was predenunant i 289
mapping usts, representing 9 1o of the contermmous United States (fig 1a) Anuran species
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richness in this ecological region ranged from | to 8, and urodele species richness ranged from
0to 12. The R’ for the Northwestern Forested Mountains ecological region anuran model (fig.
4a) was 0.23, and the RMSE was 1.20 species. The total of mean annual winter degree days
accounted for the largest proportion of the variation and was mverscly associated with species
richness. The Northwestern Forested Mountains model overestimated anuran spectes rich-
ness in parts of Colorado and Idaho, and underestimated anuran species richness in parts of
Oregon. The residuals for the Northwestern Forested Mountains anuran model were much
smaller than the residuals between the national model and atlas estimates of anuran species
richness (fig. 5a) The R’ for the Northwestern Forested Mountains ecological region urodele
model (fig. 4b) was 0.60, and the RMSE was 1.77 species. mean annual precipitation
accounted for the largest proportion of the variation and was positively associated wath
species richness. The Northwestern Forested Mountains model overestimated urodele species
richness in parts of Washington, and underestimated uredele species nichness 1n parts of
Colorado and Oregon. The residuals for the Northwestern Forested Mountans urodele
mode! were much smaller than the residuals between the national model and atlas estimates of
urodele species richness (fig. 5b).

NORTHERN FORESTS

The Northern Forests ecological region was predominant 1n 134 mapping unts, repre-
senting 5.2 % of the conterminous United States (fig. 1a) Anuran spectes richness in this
ecological region ranged from 5 to 10, and urodele species richness ranged from 1 to 15. The
R for the Northern Forests ecological region anuran model was 0.15, and the RMSE was 0 92
species. Mean mapping unit elevation accounted for the largest proportion of the variation
and was 1nverscly associated with species richness. The residuals for the Northern Forests
anuran model were much smaller than the residuals between the national model and atlas
estimates of anuran specics richness (fig. 5a), The R’ for the Northern Forests ecological
region urodele model was 0.74, and the RAMSE was 1.60 species. The total of mean annual
winter degree days accounted for the largest proportion of the variation and was inversely
assoctated with species richness. The residuals for the Northern Forests urodele model were
stightly smaller than the residuals between the national model and atlas estimates of urodele
species richness (fig. 5b).

MEDITFRRANEAN CALIFORNIA

The Mediterranean California ecological region was predommant 1n 277 mapping units,
representing 2 1 *. of the conterminous United States (fig. [a) Anuran species richness in this
ecological region ranged from 2 to 9. and urodele species richness ranged from 0 to 10 The R®
for the Mediterranean California ceological region anuran model was 0 34, and the RMSE
was 1 04 species Mean mapping umt elevation accounted for the largest proportion of the
vanation and was positively associated with species richness. The residuals for the Medster-
ranean California anuran model were much smaller than the residuals between the national
mode and atlas estimates of anuran species richness (fig. 5a) The R for the Mediterranean
Califorma ecological region urodele model was 0 50, and the RMSE was 1.46 species. Mean
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annual precipitation accounted for the largest proportion of the variation and was positively
associated with species richness. The residuals for the Mediterranean Calfornia urodele
model were smaller than the residuals between the national model and atlas estumates of
urodele species richness (fig. 5b).

MARINE WEST COAST FORESTS

The Marine West Coast Forests ecological region was predomimant i 219 mapping
unts, representing 1.1 %o of the conterminous United States (fig 1a) Anuran species richness
1n this ecological region ranged from 3 to 6, and urodele species nchness ranged from 2 to 10,
The R’ for the Marine West Coast Forcsts ecological region anuran model was 0.25, and the
RMSE was 0 67 species. Mean annual temperature accounted for the largest proportion of
the variation and was positvely associated with species nichness. The residuals for the Marine
West Coast Forests anuran model were much smaller than the residuals between the national
model and atlas estimates of anuran species richness (fig. 5a). The R? for the Marine West
Coast Forests ecological region urodele model was 0 40, and the RMSE was 1 55 species.
Mean annual precipitation accounted for the largest proportion of the variation and was
positively associated with species richness. The residuals for the Marine West Coast Forests
urodele model were much smaller than the residuals between the national model and atlas
estimates of urodele species richness (fig. 5b).

TEMPERATE SIERRAS

The Temperate Sicrras ecological region was predominant in 18 mapping umis represen-
tng 1 1% of the conterminous United States (fig la). Anuran species richness in this
ecological regron ranged from 8 to 14, and urodele species richness was always 1. No
statistically significant model of anuran species richness could be developed from the available
independent variables (1ab. 2). No model of urodele species richness was attempted since there
was no variation in the dependent variable.

SouTHERN Semi-ARID HIGHLANDS

The Southern Semi-And Highlands ecological region was predomimant in 17 mapping
umits representing 0 6 * o of the conterminous United States {fig 1a) Anuran species nchness
1 this ecological region ranged from 9 1o 15, and urodele species richness was either 0 or 1
The R for the Southern Semi-And Fhghlands ecological region anuran model was 0 68, and
the RMSE was 0.88 specics. Mean mapping unit elevation accounted for the largest propor-
tion of the variatton and was positively associated with species nichness. The residuals for the
Southern Semi-And Hhghlands anuran model were shghily larger than the residuals between
the national model and atlas estimates of anuran species richness (fig 5a) No statstically
sigmificant model of urodele specics richness could be developed from the available indepen-
dent variables due 1o the limited variation in the dependent variable,
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CIIMATE TRENDS

Amphibian species richness was strongly associaied with several of the mean annual
climate variables, and mean annual precipitation and mean annual temperature were statisti-
cally significant variables i 12 and 8 models, respectively (tab. 2) Increasing trends in annual
mean temperature and precipitation were prevalent across much of the conterminous United
States between 1960 and 1999 (fig. 6). Exceptions include decreasing mean annual tempera-
ture in parts of the Great Plains ecol 1 region, and d: ing mean annual i 10n
1 the southeastern part of the Eastern Temperate Forests ecological region,

Discussion

At the national level, the model for anurans performed better than that for urodeles (fig.
5). Both models included mean annual precipitation as a strong variable for predicting
patterns of richness. Kiestrr (1971) and DUELLMAN & SWEET (1999) previously noted a
strong correlation in the contermnous United States between amphibian species richness and
mean annudl rainfall. Partitioning the country by coarse-resolution ecological regions resul-
ted in improved models for both anurans and urodeles. The residuals {(model estimate minus
atlas estimate) for the compilation of regional anuran and urodele models were much smaller
than the residuals between national model and atlas estimates of anuran and urodele species
richness in all mapping units (fig 3. In several cases the R for the regional models were less
than that of the national model, but the residuals were also smaller. In general, temperature
variables (mean annual mean and mean annual maximum) figured more strongly i anuran
models, whereas p itation (mean annual preci] 10n ntensity) had greater explanatory
value 1n urodele models This makes sense from the perspective that there 1s no urodele
counterpart to toads, hence. anurans are less restricted by and conditions than are
urodeles.

In general, trends m chmate during 1960-1999 were toward wetter, warmer conditions for
most of the conterminous Umited States. This could have provided more surface mosture
availability for breeding habitat, and wir and soil temperatures more amenable to regulating

body t h the year. Trends toward drier conditions in part of
the southeastern Unmited States and southwest Oregon may have resulted in reduced availabil-
ity of breeding habitat in those areas.

This effort to model the relations between anuran and urodele species richness and mean
annual clunate m the United States capitalized on the strong dependence of amphibians on
therr external environment for internal hydrothermal regulation, A limutation of the approach
was that 1t assumed that the chimate experienced by amphibians was reflected by long-term
chmate statistics summarized at the county/subcounty level. Tn fact, amphibians micract with
climate at muluiple scales, and alter their behaviors in concert with microhabitat features {sun
flecks, burrows, duff. vegetation cover, wetlands, et } to modify the effects of the broader-
scale conditions. Therefore, the conditions represented by the data in this study likely
addressed only the broadest effects of climate For this rcason, the statistical models presented
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here were aimed at the general level of anuran and urodele richness, and were not aimed at
predicting the fate of particular species.

Other explanatory variables may improve the ability to explain patterns of amphibian
richness. For example, seasonal chimate statistics may be more informative than annual
statistics for certain measures, and additional landscape factors (e.g., current and historic Jand
coverfuse, hydrology, glaciation) and information such as evolutionary lineage could be very
useful Additionally, models could be developed at the family level, or for groups of species
having sumilar Life history or developmental characteristics.

The coarse-level ecological regions used for this study were somewhat problematic.
Highly discontinuous mountan regions in the West often did not align well with
county/subcounty units, so not all discontinuous portions of these regions were represented in
the models. The largest regions (Eastern Temperate Forests, Great Plamns and North Ameri-
can Deserts} included a lot of variation in temperature and moisture gradients. A finer level of
regionalization (Level II regions defined in ANoNYMOUS, 1997} may have been more appro-
priate, as it would have subdivided the largest regions, while fcaving the smaller regions intact,
however, the number of map umis per region may have been insufficient for developing
models for several of the regions at this level.

REsume

Les amphibiens occupent une grande diversié d’habitats sur la planéte, mais leur
richesse spécifique est plus élevée dans les régions aux climats hunmides et chauds. Nous avons
mod¢lisé les relations sta ntre la richesse spé n anoures et urodéles et le climat
annuel des Etats Unus continentaux, et compare ces relations aux niveaux national et régional.
Les variables modélisées ont été calculées pour des unités cartographigues correspondant aux
contés ou aux sous-contés, et se sont appuyees sur des statistiques climatiques annuelles
moyennes recuerlbes sur une péniode de 40 années (1960-1999), Talttude moyenne et la
surface des unités cartographiques, et des estimations de la richesse spéeifique en 2noures et
urodeles. Les données chimatiques ont éte obtenues & partir de plus de 7500 stations metéo~
rologiques et ont eté mcorporées dans les données concernant les umiés cartographiques au
moyen de modeles de régression linéaire multple Les richesses specifiques en anoures et
urodéles ont été calculées i partir de I'atlas national de distribution des amphibiens préparé
par 'Amphibian Research and Monitormg Inttiative {ARMI) de 'United States Geological
Survey. Le modele de régression ineaire maltivariée (MLR) national pour la richesse spéci-
fique en anoures a un coeflicient de déternunation ajuste (R”) de 0,64 et celur concernant les
urodéles un R’ de 0,45, Lorsque les Etats Unis sont divisés en regions ecologiques grossieres,
on obtient des modéles pour les anoures dont les R se répartissent entre 0,15 et 0,78 pour les
anoures, et eatre 0,27 ¢1 0,74 pour les urodéles. En général, les modéles régionaux pour les
anoures se sont avéres plus fortement nfluencés par des varables de temperature, tandis
que les vanables hiées a lu precipitation avalent plus d'influence sur les modéles pour les
urodeles.

Source - MNHN, Pars



BatTaGLIN et al. 165

ACKNOWLEDGMENTS

The Umited States Geological Survey's Toxics Program and Amphibian Reseatch and Momtorimg
Inttiative provided funding to support this study We thank S. Char for support with GIS analysis. We are
grateful to B. Moring, USGS, Texas, and B. Klaver, USGS, South Dakota, and two anonymous reviewers
for comments on earlier versions of this manuscript

LITERATURE CITED

ANONYMOLS [SAS INSTITCTE]. 1990 - SAS/STAT user’s guide, Version 6, 4™ edition, Cary, North
Carohna, 1,686 pp.

ANONYMOUS [C for C 1997 regions of North
America. Towards a common perspective. Montreal, Canada, CEC: 1-71.

ALFORD. R A & RICHARDS. S 1. 1999 Global amphibian deciines a problem in applicd ecology. Ann
Rev. Ecol Syst . 30:133-165

BrrRILL, M . BERTRAM, S., WiLsON, A Louss, 8 . BRK.HAM D &STROMNKG C . 1993. - Lethal and
sublethal mpacts of pyreth bryos and tadpoles. Enviran Toxicol
Chem,, 12 525-539

BLAUSTFIN, A R ,ROMANSIC, J M., KiEseckeR,J M & Hatew, A €, 2003 - Ultraviolet radiation, toxic
chemicals and ampubian population declmes. Diver. & Distrib., 9. 123-140,

Bonin. 3, OUELLFT, M, RODRIGUF, J., DFSGRANGFS, J -L., GAGNE. F , SHarREL, T. F & Lowcock, L
A 1997 Measuring the health of frogs n agricuitura! habitats subjected to pesticides. fn D M
GReen (ed ). dmphebrans m declne Canadian stdses of a global problem. Herperological Conser-
vation, St. Lowts, Missourt. Society for the Study of Ampnibians and Reptiles, 1 246-257

Brimson, C A & THRELKFLD, S T, 2000. T ctive effects of and
broue stressors on muluple endpoints m Hvla chry soscehs J Iowa Acad Scr 107.61 66

Carry, C & ALexannLr, M A 2003 Chimate change and amphibian declines 1s there & nk? Dner
& Disirth 9 111-121.

CAREY C . Hivir. W R, WiLkINsON, ], ALFORD, R A ARNTZEN,J W, HaLLIDAY T, HUNGERFORD,

.Lis, K R MwpLiTon, E M, ORCHARD, S A & Ranp A S, 2001 Amplubian dechnes
dnd environmental change usc of remote-sensing data to tdentify environmental correlates.
Conserv. Biol .15 2001

Crark. M, Hay, L. Rawcopalan, B & Wirpy, R, 2004  The Schaake shullle a method for
reconstructmg space-lime variabihty in forecasted precipitation and temperature helds. J Hydro-
meteorol 5. 243262

Cottivs, J P & STORKER, A, 2003 Global amphibian dechnes sortmg the hypolheses. Dner &
Disirih. 9 8998

Corn, P.S & MuThs, E. 2002 Variable brecding phenology aflects the exposure of amphibian
embryos 10 utraviolet radiation Ecology, 83: 2958-2963

Daszak. P.. CONNINGHAM, A A & HYATT A D, 2003 Inlectious discase and amphibian population
dechnes, Drver. & Distrib., 9 141-150

Davipson. C.. SHakHR, H B & JunnnGs, M. R., 2002, - Spatal tests of the pesticide dnft, habitat
destruction, UV-B, and chmate-change hypotheses for Calfornia amphubian declines. Consery
Biol (16 1588-160)

DeMaynapni R, P G & HlonTER. M L Jr 1998 Eflects of silvicultural edges on the d.stribution and
abundance of amplubians in Maine. Consery. Brol , 12* 340-352.

Dobp, C K . Jr. 1997  Imperiled amphibians a historical perspecuve. fn G Binz & D CotLis ted ).
Aqguaattc foanat o pertl the southeasterss perspectie. Special Publication 1, Decatur, Georgia.
Southeast Aquatic Research Institute, Lenz Design & Communications: 165-200

Source - MNHN, Paris



166 ALYTES 22 (3-4)

DownerLy, M A. & CRump, M. L., 1998 Potential effects of chmate change on two neotropical
amphibian assemblages. Clim. Change, 39: 541-561.

DutLiMan, W E., 1999 Patterns of distribuiion of amphibians a global perspective Baltimore,
Maryland, The John Hopkins Umiversity Press: 1-633

-+ 1999h - Global distribution of amphibians: patterns, conservation, and future challenges. /n
DuUELEMAN (1999a)' 1-30

DutLiman, W. E. & SwieT, S S, 1999 - Distribution patterns of amphibrans in the nearctic region of
North America Jn DUELLMAN (1999a). 31-110

FEiscHEm, J K., PasTeris, P. A, Diaz, H. F, PranTico, M. S & LoTT, N J, 2000.  Creating a serially
complete, national daily time series of temperature and precipitation for the western Unuted States.
J appl Meteorol., 39 1580-1591

FauriG, L, PevLar,J H., PoPE. S E, TavLor.P D & WeGNER, J F, 1995 Effect of road traffic on
amphibian density. Biol Conserv., 73 177-182

Fsuer. R N & Suarerr. H B, 1996 - The dechine of amphibians in Cabifornia’s Great Central Valley
Conserv. Biol., 10; 1387-1397.

Forman, R T.T & GooroN, M, 1986 Landscape ecology New York, New York, John Wiley & Sons.
1-620.

Gipps. J. P. & BREISCH, A R ,2001  Chmate warmng and calhng phenology of frogs near Ithaca, New
York, 1990-1999. Conserr. Biol , 15 1175-1178

Gretn, D M, 1997 Perspectives on amphibian population declines defining the problem and
searching for answers. fn D. M. GREEN (ed ), Amplubians m declhme Canadan studies of « global
problem, Herpetological Conservaton, $t Lous, Missour:, Sovety for the Study of Amphibians
and Reptules, 1: 291-308.

Hav, L E & CLark, M P, 2003  Use of statistically and dynamicall model
output for m three basins in the western United States. J
Hydrol., 282: 56-75.

Hav. L E & McCast, G J, 2002 Spatial variability 1n water-balance model performance i the
conterminous United States. J Am. Water Resourc Assoc., 38 847-860

Hay.L E, Wusv.R L & Leavisiey, G H, 2000. - A companison of delta change and downscaled
GCM scenanos for three mountainous basms i the United States. J Am. Water Resorc Assoc
36: 387-397.

Havorn, B.P, 1998 Ecosystem fecdbacks on climate ut the landscape scale. Phi! Trans. r Soc London.,
Brol Sci 353 5-18

Hayes. M P & Jinnanes, M R L1986, Dechine of ranid frog species in western North America are
bullfrogs {Ranu careshewana)y responsible? S Herp., 20¢ 450-509.

Havis, T B. CoLuns, A L, M, Minpoza, M, NORIEGA, N STUART, A A & Vonk. A | 2002
Hermaphroditic, demasculimized frogs afler exposure to the hesbiade atrazine and low ecologs
cally relevant doses. Proc. natl. Acad Sci. USA, 99: 5476-5480.

Huiuset, D R. & Hirscl, R M., [992. — Statistical methods in water resources Amsterdam. The
Netherlands. Elsevier: 1-552

Hotorton, ) T.DinG, Y L GRIGGS, D J . NOGUER, M, VAN IR LINDEN, P DAL X MaskitL, K &
Jonnson, € 1 qed ), 2000 Chanae change 2101 the saentific hasss. Cambridge Ungversity,
Cambridge, UK. Coniribution of Working Group 1 to the Frurd Assessment Report of tne
Intergovernmental Panel on Clhimate Change.

Hotrauan ) E FroLay, € S, Scummwt. B R.Mivir, A H & Kuzsan S L2000 Quantitative
evidence for global amphibian population declines. Nature, 404, 752-755.

Jounson P T 3 & CHast LM, 2004 Parastiesin the food web linking amphibian matformations and
aquatic eutrophucation, Ecol. Lert., 7 521-526

KirstCkir, | M & Bratsmin A R, 1998 Etfects of ntroduced bulllrogs and smallmouth bass on
mucrohabitat use. growih, and sarvival of native Red-legged frogs ( Rana auroray Comary Brof (12
776-787

--== 1999 Pathogen reverses competition between larval amphibuans, Ecofogy 80 24

KitstiR, A R, 1971 Speuies denwty of North American amphibians and replles. S

127-137

2448
15 Zool 20

Source - MNHN, Paris



BATTAGLIN et al. 167

Koonz, W, 1992 - Amphib.ans n Mamitoba £:C A. Bisuor & K E PrTTIT (ed ), Declnes i Canadiam
amplitbian populations designing a national momtorng strategy , Canadian Wildufe Service Occa-
stonal Paper Nr. 76: 19-22

Krzvsik, A 1, 1998 - and Jn M. J Lannoo {ed ). Status &
conservation of midwestern amphibians, lowa (‘uy Towa, University of Towa Press. 31-41.

LaNNOo, M. J. 1996 - Qhobop wetlunds a lesson in natural history. Towa City, Iowa, University of lowa
Press: 1-156

LANNOO, M. J., GALLANT, A L, NaNtAPPA, P, BLACKBURN, L & HenDRiCks, R . 2005 Ecological and
ccoregional analyses of amphibian distributions as an approach 1o amphibian conservation fn
M.J Lannoo(ed ), Declimng amphibans a United States response to the global problem. Berkeley,
Califorma, Umiversity of Cahfornia Press, in press.

LANNOO, M. J., SutHERLAND, D. R, Jones, P., Rosengerry, D, KLavir, R W, Hoppe, D M,
Jounson, P T J, Lunpe, K B, Facimire, C & Kaprer, L M, 2003 Muluple causes for the
malformed frog phenomenon. /s G LINDER, S KREsT, D SPARLING & E. LiTTLE (ed.), Multiple
stressor effecrs m relaiion to declning amplibuan populatrons. ASTM Stock Nr STPI443 213-262.

LAURANCE. W F . McDoNaLD, K. R &SPEARE,R , 1996 and th hic dec
of Australian ramn forest frogs. Conserv. Ewl 10, 406- 413

LawLir,S. P, Dri7z, D., STRANGE, T. & Hor y0AK, M., 1999 ~ Eflects of mtroduced mosquito fish and
bullfrogs on the threatened Calfornia red-legged frog Consery Brol . 13 613622

Litree. E E  Bripots, C M, LINDFR, G & BooNF, M 2003 Establishing causality 1n the declne and
deformity of amphibs the research and muative model. In G. LINDFR,
S Knest, D SPARLING & E LITTLE (od ), Mulniple stressor effects m relation to dechning amphibian
populations, ASTM Stock Nr. STP1443: 263-277.

MonserLD, R. A & Lremans, R (1992 Comparing global vegetation meps with the kappa statistic
Ecol Modell , 62 275-293.

Puike, R A S, MarLAND, G, BFTTS, R A, CHase, T N, Eastman,J L NiLes,J O Nivool, D D
S & RUNNING, S W, 2002 The influence of land-use change and landscape dynamics on the
chimate system- relevance to chmate-change policy beyond the radiative effect of greenhouse gases.
Phil Trans. r. Soc. London, 360:1705-1719

Prrikr R A (Sr.WaLko.R.L.STEYAfRT, L T . ViDaLL, P L. LisToN, G E ,Lyons, W A & CHast,
T N.. 1999 - The mfluence of anthropogemc landscape changes on weather in South Flonida
Mon. Weather Rev., 127: 1663-1673.

Pounps, ] A & Crimp, M €. 1994 Amphibian declines and chmate disturbance the case of the
golden toad and the harlequin frog. Conserv. Biol., 11: 1307-1322

Pounps, J A Foapin, M P L & Camppirt. J H. 1999 Biological response to climate change on a
tropical mountam, Nature, 398 611-615

Rosiy, P C & Scuwarm C R, 1995 - Bulllrogs itroduced predators in southwestern wetlands. in
E T Lakor, G S FarriS, C E Pueartr, P D Dogran& M J Mac (ed ), Our lning resources
a report to the watwn on the distribunion abundance, and health of US plaats, anunals, and
econtstems, Washington, DC, US Department of the Tnterior, National Biological Service 452-
454

Taomas, C D, Castkon, A L GREIN R | BAKKENLS, M Brat oNT, L CoLEINGHAM, Y . ERasMUS. B |
FERREIRA DE SIQUEIRA, M., GRAINGER, A, HanNat, L, HUGHLS, L., HUNTLEY, B., VAN Jaags-
VitD, A MIDGEEY. GO MILEs L OrTEGA-HUSRTAC M PLIERSON, A L PuaiLeips, O & WitLiams,

$. 2004 - Extinction risk from chmate change. Nunure, 427 145-148

Wat Tir, H., 1973 — Vegetarion of the earth. New York, New York, Springer-Verlag 1-237

Youno. B E STLARLS N Coanson,J S Cox. N A & Bovcser, T M 2004 Disappearing gordds
the status of new world amphibians, Arlington, Vacgma, NatureServe: 1-55

Corresponding editor: C. Kenneth Dopo, Jr.

O ISSCA 2005

Source - MHN, Paris



